OrbiSIMS is a recently developed instrument for label-free imaging of chemicals with micron spatial resolution and high mass resolution. Here we report a cryogenic workflow for OrbiSIMS (Cryo-OrbiSIMS) that improves chemical detection of lipids and other biomolecules in tissues. Cryo-OrbiSIMS decreases ion-beam induced fragmentation, allowing large molecules such as triglycerides to be more reliably identified. It also increases chemical coverage to include biomolecules with intermediate or high vapor pressures, such as free fatty acids and semi-volatile organic compounds (SVOCs). We find that Cryo-OrbiSIMS reveals the hitherto unknown localization patterns of SVOCs with high spatial and chemical resolution in diverse plant, animal and human tissues. We also show that Cryo-OrbiSIMS can be combined with genetic analysis to identify enzymes regulating SVOC metabolism. Cryo-OrbiSIMS is applicable to high resolution imaging of a wide variety of non-volatile and semi-volatile molecules across many areas of biomedicine.
do not localize SVOCs in tissues with high spatial resolution. Chemical imaging of hydrocarbons is possible using matrix assisted laser desorption ionization (MALDI) and ultraviolet laser desorption ionization (UV-LDI) methods (Vrkoslav et al., 2010; Yew et al., 2011) . As both techniques are limited by laser spot size, it is desirable to develop higher spatial resolution methods such as secondary ion mass spectrometry (SIMS). SVOCs are, however, challenging to analyze with SIMS as they are volatile under the ultra-high vacuum required by these instruments, and therefore cannot be imaged. To overcome this limitation, cryogenic temperatures can be used to lower the vapor pressures of SVOCs. Cryogenic workflows that prevent the ice sublimation of frozen-hydrated samples have been developed for SIMS instruments with a time-of-flight detector (ToF-SIMS) (Dickinson et al., 2006; Kuroda et al., 2013) . ToF detectors have excellent sensitivity but, in many cases, they do not have sufficient mass resolution to assign peaks with high confidence.
The OrbiSIMS is a new hybrid SIMS instrument that allows chemical imaging with micron spatial resolution via Orbitrap and ToF detectors (Passarelli et al., 2017) . The Orbitrap analyzer provides high mass resolution (>240,000 at m/z 200) with <2 ppm mass accuracy, enabling peaks to be assigned with a greater degree of confidence than is possible with a ToF detector, typically with mass resolution ~18,000 at m/z 200. We therefore set out to develop a cryogenic workflow for OrbiSIMS that would allow SVOCs to be imaged with high chemical and spatial resolution (Materials and Methods). As a test case, we chose hydrocarbons because they are biologically important SVOCs but many are volatile under high vacuum at ambient temperature (Supplementary Fig. 1) . Hydrocarbons are extensively fragmented by many commonly used ion sources (Roussis et al., 1998) , making it difficult to identify the parent ions. As hydrocarbon adducts have not previously been reported in SIMS, we first analyzed their chemical composition via Cryo-OrbiSIMS in positive polarity spectrometry mode -using either the 20 keV argon gas cluster ion beam (GCIB) or the 60 keV Bi 3 ++ liquid metal ion gun (LMIG). Analysis of 9(Z)-tricosene, an insect pheromone hydrocarbon (Blomquist and Bagneres, 2010) , showed that the 20 keV Ar 3500 + GCIB tends to generate
[M+N] + ions, which may be formed from direct interactions with residual nitrogen gas in the instrument or via multiple hydrogen loss from [M+NH 4 ] + adducts ( Supplementary Fig. 2) .
In contrast, the 60 keV Bi 3 ++ LMIG primarily yields [M-2H] + ions, as previously reported for GC-MS(McLafferty and Turecek, 1993) , but leads to greater fragmentation of tricosene.
GCIB analysis of an American Society for Testing and Material (ASTM) reference gas oil, a mix including a range of C10:0 to C52:0 alkanes, also showed abundant [M+N] + ions ( Supplementary Fig. 3 ). Hydrocarbon peak assignments were validated by comparing MS and MS/MS spectra from the OrbiSIMS Orbitrap with those from direct infusion HESI-Orbitrap and GC-MS ( Supplementary Fig. 4) . These findings show that a cryogenic OrbiSIMS workflow reliably detects hydrocarbons and they identify the major adducts formed.
Chemical imaging of human latent fingerprints has emerged as an important area of forensic and biomedical science. Several imaging technologies including ToF-SIMS have previously been used to localize non-volatile drugs, poisons, antibiotics and other molecules to the ridges and sweat pores of fingerprints (Cai et al., 2017; Hazarika and Russell, 2012; Ifa et al., 2008) . Comparison of cryo-and ambient OrbiSIMS Orbitrap spectra showed the presence of many peaks at -110C that are not observed at 30°C (Fig. 1) . Orbitrap peak assignments indicate that many such peaks correspond to fatty acids and their derivatives as well as triacylglycerides (TAGs) and phosphoinositol-ceramides (PI-Cer) ( Supplementary Table 1 ).
Fatty acids are known to be abundant in latent fingerprints but have not been robustly detected in previous fingerprint studies using SIMS at ambient temperature, presumably because they are volatile under these high-vacuum conditions ( Supplementary Fig. 1 ).
Consistent with this, signals from C16:1 and C16:0 were reproducibly detected using
OrbiSIMS in the cryogenic but not in the ambient mode. It is therefore surprising that previous studies using SIMS at ambient temperature have reported free fatty acids in other tissues (Brulet et al., 2010; Richter et al., 2007) . One possible explanation is that the appearance of free fatty acids at ambient temperature results from beam-induced fragmentation of TAGs and/or other high molecular weight lipids that are not themselves volatile under ultra-high vacuum. In line with this, Ar 3500 + -Orbitrap OrbiSIMS analysis of latent fingerprints at ambient, compared to cryogenic, temperature shows decreased TAG and increased diacylglyceride signals ( Supplementary Table 1 ). We conclude that cryogenic sample analysis improves OrbiSIMS detection of biologically important lipids in their intact state.
Hydrocarbons, particularly long-chain alkanes, are a major component of the cuticular lipid barrier to water loss in both plants and insects (Blomquist and Bagneres, 2010; Ferveur, 2005; Kunst and Samuels, 2003; Lee and Suh, 2015) . We used Cryo-OrbiSIMS to analyze the cuticle on the surface of pine needles of Pinus nigra revealing that signal from the ion m/z 336.90 provides a specific chemical marker for the guard cells of the stomatal pores ( Fig. 1c) .
This contrasts with more spatially uniform epicuticular signals for hexadecenoic acid (m/z 255.17) and the volatile hydrocarbon nonacosane (m/z 403.09), which we validated with GC- Table 1 ). Importantly, these three molecular ions were robustly detected on the surface of pine needles using cryogenic but not ambient temperatures.
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Analysis of a variety of different plant leaf and fruit samples illustrates the broad diversity of
hydrocarbons and other SVOCs that can be detected cryogenically ( Supplementary Table 1 ).
We also utilized the depth-profiling mode of the Cryo-OrbiSIMS to demonstrate that the semi-volatile hydrocarbon octacosane is restricted to the surface of the cuticle of the gooseberry fruit ( Supplementary Fig. 5a ). The fingerprint and plant cuticle analyses together demonstrate that the new cryogenic workflow expands the chemical space amenable to SIMS imaging to encompass hydrocarbons and other SVOCs, as well as molecules with intermediate vapor pressures like free fatty acids.
The lipid layer that coats the cuticle of the fruit fly Drosophila melanogaster is known to be rich in hydrocarbons, wax esters and other lipids (Blomquist and Bagneres, 2010) . We set out to test whether cryo-OrbiSIMS could reveal new aspects of the biology of this already well characterized system. Orbitrap spectra of abdominal Drosophila cuticle showed a dramatic increase in the number of features that could be detected via cryogenic rather than ambient OrbiSIMS (Fig 3a, b) . We verified that many of the Cryo-OrbiSIMS peaks correspond to alkane and alkene hydrocarbons, examples of SVOCs that could also be detected in cuticular hexane extracts via GC-MS ( Supplementary Fig. 6 ). Utilizing Cryo-OrbiSIMS in imaging mode revealed that the strong signals from hydrocarbons such as tricosene (m/z 323.27) and a C 7 H 11 + (m/z 95.07) fragment are widely distributed across the sternites (hard plates of cuticle) and the pleura (flexible cuticle) ( Fig. 3c) . However, depth profiling shows that tricosene is localized specifically to the surface of the cuticle, known as the epicuticle ( Supplementary   Fig. 5b) . Surprisingly, cryo-OrbiSIMS and ambient-OrbiSIMS both reveal that signals from some wax esters are near uniform whereas others are enriched in the pleura or in the sternites (Fig. 3d) . These non-uniform localizations open up a new and intriguing aspect of insect biology, suggesting that wax esters may define cuticular zones of different barrier properties.
Given that we have shown that Cryo-OrbiSIMS is able to detect a wide range of SVOCs and also non-volatile lipids, it is well suited as a screening platform for the metabolic effects of genetic mutations or drugs. As a proof-of-principle, we combined Cryo-OrbiSIMS with spatially resolved genetic manipulations in Drosophila. Cells called oenocytes express Cyp4g1, a gene encoding a P450 enzyme required for the synthesis of cuticular hydrocarbons (Makki et al., 2014; Qiu et al., 2012) . Orbitrap spectra revealed a dramatic decrease in alkanes and alkenes including tricosene following oenocyte-specific knockdown of Cyp4g1 (Cyp4g1 RNAi) ( Fig. 3e) . Cryo-OrbiSIMS is therefore a promising new analytical tool for studying the genetic regulation of metabolism with high spatial and chemical resolution.
Together, the results of this study demonstrate that cryogenic analysis greatly extends the chemical coverage of the OrbiSIMS platform. Combining soft ionization under cryogenic analysis conditions with the high mass resolution of the Orbitrap has revealed unexpected localization patterns for several biological SVOCs. We anticipate that this SIMS advance will have a broad range of applications in metabolic and pharmaceutical research, forensic science and in the analysis of environmental pollutants such as polycyclic aromatic hydrocarbons.
Materials and Methods
3D OrbiSIMS instrumentation and workflow
3D OrbiSIMS (IONTOF GmbH) samples were mounted for cryo-OrbiSIMS analysis (Supplementary Figure 7) using a modified a blank Leica VCT holder (Leica microsystems GmbH, cat. #16771610, Supplementary Figure 8 
Data analysis
The 3D OrbiSIMS and ToF SIMS 5 instruments were controlled using SurfaceLab 7.0 (version 7.0.106074, release SL7.0e) and SurfaceLab 6.7 respectively (IONTOF GmbH), with the 3D OrbiSIMS integrating an application programming interface (API) provided by ThermoFisher Scientific (Passarelli et al., 2017) . Image and spectral analyses were performed using SurfaceLab 7.0 (IONTOF GmbH), MATLAB 2016a, GraphPad Prism version 8.2.1 and Origin Pro 2018 version SR1. ToF images were processed with 16 pixels binning.
Drosophila cuticle images (ToF and Orbitrap) were normalized to the total ion count and total intensity respectively to normalize for differences in intensity caused by topography.
Chemical structures were drawn using ChemSketch (ACD Labs) version 2018.1.1. For spectral data analysis, a cut off of 5,000 counts was used and a signal-to-noise ratio (SNR) of 1,000. Mass deviation (δ in ppm) was calculated using the average observed mass over three separate measurements. GC-MS data analysis was performed using MassHunter Qualitative Analysis software (Version B.06.00, Agilent Technologies, Inc). Hydrocarbons were identified based on comparisons to spectra and retention times of authentic standards (indicated where available). HESI-Orbitrap data analysis was performed using ThermoFisher XCalibur SP1 Qual Browser version 4.1.50.
All data files associated with this study are available to download from MetaboLights referencing study number MTBLSxxxx. Figures and the Extended Methods, including sample preparation, TOF-SIMS, GC-MS and HESI-Orbitrap direct infusion methods.
See Supplementary Information for Supplementary
Latent Fingerprint
Pine needle (Supplementary Fig. 4) . m/z 403.09, C 29 H 55 + , C29:0 hydrocarbon adduct [M-5H] + also detected via GC-MS ( Supplementary Table 1 ) and with the Orbitrap analyzer (m/z 403.4295 and mass deviation δ-0.7 ppm). Scale bars represent 125 μm. In panels b and c, the intensity ranges (in counts) are represented beneath each mass image. 
